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For intracellular survival it is imperative that viruses have the capacity to manipulate various cellular
responses, including metabolic and biosynthetic pathways. The unfolded protein response (UPR) is induced by
various external and internal stimuli, including the accumulation of misfolded proteins in the endoplasmic
reticulum (ER). Our previous studies have indicated that the replication and assembly of the flavivirus West
Nile virus strain Kunjin virus (WNVKUN) is intimately associated with the ER. Thus, we sought to determine
whether the UPR was induced during WNVKUN infection. WNVKUN induces UPR signaling during replication,
which is coordinated with peak replication. Interestingly, signaling is biased toward the ATF6/IRE-1 arm of the
response, with high levels of Xbp-1 activation but negligible eukaryotic translation initiation factor 2�
phosphorylation and downstream transcription. We show that the PERK-mediated response may partially
regulate replication, since external UPR stimulation had a limiting effect on early replication events and cells
deficient for PERK demonstrated increased replication and virus release. Significantly, we show that the
WNVKUN hydrophobic nonstructural proteins NS4A and NS4B are potent inducers of the UPR, which dis-
played a high correlation in inhibiting Jak-STAT signaling in response to alpha interferon (IFN-�). Sequential
removal of the transmembrane domains of NS4A showed that reducing hydrophobicity decreased UPR sig-
naling and restored IFN-�-mediated activation. Overall, these results suggest that WNVKUN can stimulate the
UPR to facilitate replication and that the induction of a general ER stress response, regulated by hydrophobic
WNVKUN proteins, can potentiate the inhibition of the antiviral signaling pathway.

The unfolded protein response (UPR) is a cellular stress
response that is induced upon accumulation of misfolded pro-
teins within the endoplasmic reticulum (ER). This can occur
through treatment with glycosylation inhibitors (e.g., tunica-
mycin), changes in calcium homeostasis, nutrient depletion,
overexpression of abnormal proteins, or virus infection (9).
Virus infection is especially significant, since viral protein
translation, modification, and sometimes virion assembly can
all place significant stress on the organelle (15). The cell at-
tempts to alleviate this stress by activating three signaling path-
ways which act to increase chaperone expression, protein deg-
radation, and ER volume and decrease protein input by
inhibiting translation (4). Unfolded proteins are recognized by
the chaperone molecule immunoglobulin heavy-chain binding
protein (BiP) (22), which dissociates from three transmem-
brane proteins: PKR-like ER kinase (PERK), activating tran-
scription factor 6 (ATF6), and inositol-requiring enzyme 1
(IRE-1). PERK and IRE-1 then are able to dimerize and
undergo autophosphorylation and activation. PERK phosphor-
ylates eukaryotic translation initiation factor 2� (eIF2�) on
Ser51 (12, 28), leading to an inhibition of general translation
and a paradoxical increase in activating transcription factor 4
(ATF4) (3), which upregulates expression of many redox and
metabolic proteins to aid in ER stress recovery (14). It also

induces expression of growth arrest and DNA damage mole-
cule 34 (GADD34), which then forms a complex with protein
phosphatase 1 (PP-1) to dephosphorylate eIF2� as a negative-
feedback mechanism (6, 31) to resume protein translation.
However, in times of extreme ER stress, ER-associated
caspases such as C/EBP-homologous protein (CHOP) are also
upregulated, leading to apoptosis (13, 30). This arm of the
UPR is also a component of the integrated stress response,
which responds to nutrient deficiency (1, 12), hypoxia (14, 24)
and double-stranded RNA (dsRNA) (8), as well as ER stress.

In contrast, the ATF6 and IRE-1 pathways are specific to the
UPR. Activated IRE-1 splices a 26-nucleotide (nt) region from
X box binding protein 1 (Xbp-1) mRNA causing a frameshift
which allows expression of the full-length transcription factor
Xbp-1 (7). Xbp-1 then upregulates transcription of mRNAs
encoding degradative factors (e.g., ER degradation enhancing
�-mannosidase-like protein 1 [EDEM-1]) and some chaper-
ones (26) involved in ER-associated degradation (ERAD),
transporting misfolded proteins out of the ER for ubiquitina-
tion and proteasomal degradation (36, 42). Xbp-1 has also
been shown to increase transcription of genes involved in lipid
biosynthesis and thus increase the volume of the ER (45) to
cope with ER stress. Upon dissociation of BiP from the lumi-
nal domain of ATF6, this transmembrane protein is incorpo-
rated into COPII vesicles and translocated to the Golgi body,
where it undergoes proteolytic processing by Site-1 and Site-2
proteases (53). It then translocates to the nucleus and upregu-
lates transcription of ER chaperone molecules such as BiP and
calnexin (56), facilitating refolding of misfolded proteins (10).
ATF6 expression has also been observed to upregulate tran-
scription of Xbp-1 (55), indicating some cross talk between the
two pathways.
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Virus infection is a strong inducer of UPR signaling; how-
ever, some downstream effectors are not necessarily beneficial
for viral replication, e.g., the induction of apoptosis or produc-
tion of degradative proteins. As such, many viruses regulate
the UPR to create an environment more favorable for repli-
cation. Studies with hepatitis C virus (HCV) have shown that
both infection and expression of viral nonstructural (NS) pro-
teins can stimulate ATF6 cleavage, chaperone upregulation,
and protein translation (47), while suppressing the IRE-1/
Xbp-1 arm of the UPR (46). Further work identified NS4B of
HCV as a strong regulator of UPR signaling (59) which, in-
terestingly, is the major membrane-inducing protein (11).
Other members of the Flaviviridae family have also been shown
to induce UPR components; Japanese encephalitis virus (JEV)
and dengue virus (DENV) infection increase Xbp-1 signaling and
induction of the downstream molecules EDEM-1, ERdj4, and
p58(IPK) (58), which may be important in upregulating mem-
brane biogenesis (45) for the formation of viral membrane struc-
tures. An increase in BiP (GRP78) expression was also observed
in DENV-infected cells (50). In addition, studies with the New
York 99 strain of West Nile virus (WNVNY99) have shown that all
three pathways of the UPR were activated upon infection of
neuronal cells; in particular, downstream apoptotic factors such as
CHOP, GADD34, caspase-3, and PARP were upregulated and
may play a role in limiting virus replication (37).

Recent studies have also demonstrated a link between UPR
signaling and immune regulation, in particular the Jak-STAT
cascade in response to type I interferon (IFN) stimulation.
UPR induction by treatment with thapsigargin or other stress
inducers was shown to cause serine phosphorylation of the type
I IFN receptor (IFNAR), targeting it for ubiquitination and
degradation by proteasomal components (28). The interac-
tions between immune signaling and UPR activation have in-
teresting ramifications for these pathways during virus infec-
tion, since they are both targets for viral manipulation during
replication, and suggest a combined mechanism for viral reg-
ulation of cellular processes.

In the present study we show that the Kunjin strain of WNV
(WNVKUN) induces a robust ER stress response that coincides
with peak viral RNA and protein production. This response is
particularly skewed toward ATF6 and IRE-1 activation, which
results in high levels of Xbp-1 transcription and splicing. We
also show that the hydrophobic, membrane-bound viral pro-
teins NS4A and NS4B strongly induced Xbp-1 transcription
and processing when individually expressed. We also demon-
strate a correlation between UPR signaling and the inhibition
of type I IFN signaling. Finally, we show that this cross talk
between the UPR and IFN signaling pathways is regulated by
the hydrophobicity of viral proteins, suggesting a general
mechanism for the inhibition of immune signaling during
WNV replication.

MATERIALS AND METHODS

Cells and virus stocks. Vero C1008 cells were maintained in Dulbecco mod-
ified Eagle medium (DMEM; Gibco) supplemented with 5% fetal calf serum
(FCS; Lonza), penicillin-streptomycin (100 IU/ml and 100 �g/ml, respectively;
Gibco), and 200 �M Glutamax (Gibco). PERK knockout mouse embryonic
fibroblasts (MEFs) were kindly provided by David Ron (New York University)
and maintained in DMEM supplemented with penicillin-streptomycin and Glu-
tamax as described above, plus 10% FCS, 1% nonessential amino acids (Gibco),
and 1 �M 2-mercaptoethanol (Gibco). All cells were grown at 37°C in a 5% CO2

incubator. WNVKUN stocks were propagated from an existing MRM61C sec-
ondary stock in Vero C1008 cells at 37°C in DMEM supplemented with 0.2%
(wt/vol) bovine serum albumin (BSA) for 32 h. After infection, the virus-con-
taining supernatant was collected and centrifuged at 4,800 rpm for 5 min to
remove cell debris, and then aliquots were stored at �80°C. The virus titer was
determined by plaque assay as described below.

Antibodies and reagents. Thapsigargin and tunicamycin (containing homo-
logues A, B, C, and D; Sigma) were dissolved in dimethyl sulfoxide (DMSO;
Sigma) at concentrations of 1 and 5 mM, respectively. Interferon-2� (IFN-2�)
was sourced from Roche Pharmaceuticals and diluted in 0.1% BSA and phos-
phate-buffered saline (PBS). Mouse anti-NS1 and NS5 monoclonal antibodies
were kindly provided by Roy Hall (University of Queensland). WNVKUN-specific
rabbit anti-NS3 polyclonal antisera has been described previously (52). Mouse
anti-dsRNA (clone J2) antibodies were purchased from English & Scientific
Consulting Bt. (Hungary). Rabbit anti-eIF2a and rabbit anti-p-eIF2a [Ser51]
polyclonal antibodies (Invitrogen) were kindly provided by Bryan Williams (Mo-
nash Institute of Medical Research). Rabbit anti-STAT1 polyclonal antibody was
sourced from Santa Cruz, and mouse anti-p-STAT1[Tyr701] monoclonal anti-
body was obtained from BD Transduction Laboratories. The cell markers rabbit
anti-BiP polyclonal antibody and rabbit anti-green fluorescent protein (anti-
GFP) polyclonal antibody were obtained from Sigma and Invitrogen, respec-
tively.

Plaque assay. Vero C1008 cells were seeded in DMEM complete medium in
six-well plates, followed by incubation at 37°C overnight. The virus stock was
diluted 10-fold in 0.2% BSA-DMEM, and cells were infected with 300 �l of stock
dilutions (in duplicate), followed by incubation at 37°C for 60 min. Then, 2 ml of
a semisolid overlay containing 0.3% (wt/vol) low-melting-point agarose, 2.5%
(wt/vol) FCS, penicillin-streptomycin, Glutamax, HEPES, and NaCO3 was added
to the cells, and the mixture was solidified at 4°C for 30 min. The cells were
incubated at 37°C for 3 days, fixed in 4% (vol/vol) formaldehyde (in PBS) for 1 h,
and stained in 0.4% crystal violet (with 20% [vol/vol] methanol and PBS) at room
temperature for 1 h. Plaques were manually counted, and the PFU per ml were
determined.

GFP-NS fusion plasmid cloning. Amplicons containing GFP fused to non-
structural (NS) proteins NS3, NS4A, NS4B, and NS5 were amplified from pre-
viously constructed plasmids (21) by using sequence-specific primers (see Table
S1 in the supplemental material) and cloned into pcDNA3.1� (Invitrogen) using
the restriction enzymes EcoRV and XhoI (Promega). Clones were isolated from
transformed Escherichia coli JM109 by using a Qiagen Hi-Speed Midiprep kit as
indicated by the manufacturer. Prior to transfection, plasmid preparations were
further purified by using phenol-chloroform extraction and re-eluted in 0.1�
Tris-EDTA (10 mM Tris, 1 mM EDTA).

Infection and time-course experiments. Vero cells were infected with
WNVKUN at the indicated multiplicity of infection (MOI) in 300 �l of 0.2%
BSA-DMEM for 60 min, after which the infection medium was further
supplemented with 0.2% BSA-DMEM to a final volume of 1.5 ml. The cells
were incubated at 37°C for the indicated time and then collected for further
processing. For ER stress treatments, thapsigargin, tunicamycin, or the drug
vehicle (DMSO) was added directly to cell media to a final concentration of
300 nM and incubated at 37°C until 24 h postinfection (hpi).

Transfection and cell sorting. Vero cells were seeded into 60-mm dishes,
transfected with plasmid DNA previously incubated with Lipofectamine 2000 or
Lipofectamine Plus reagent (Invitrogen) according to the manufacturer’s instruc-
tions, and incubated at 37°C for a further 18 h. Cells were collected using 0.25%
trypsin-EDTA (Gibco), pelleted at 2,000 rpm, and washed in PBS twice. After
the washes, the cells were resuspended in MACS buffer (PBS, 0.5% FCS, 2 mM
EDTA) and sorted on a MoFlo fluorescence-activated cell sorting (FACS) ac-
cording to GFP expression. Approximately 50,000 GFP-positive cells per sample
were pooled, pelleted, and lysed in TRIzol reagent.

Western blotting. Transfected or WNVKUN-infected cells were aspirated in
PBS and then lysed in sodium dodecyl sulfate (SDS) lysis buffer (0.5% SDS, 1
mM EDTA, 50 mM Tris-HCl) or coimmunoprecipitation (COP) buffer (10 mM
Tris, 150 mM NaCl, 5 mM EDTA, 1% NP-40) containing protease inhibitors
leupeptin (1 �g/ml), phenylmethylsulfonyl fluoride (0.5 mM), and the phos-
phatase inhibitors sodium orthovanadate (25 mM), sodium fluoride (25 mM),
and �-glycerophosphate (25 mM) (Sigma). Lysates were diluted in LDS loading
buffer (Invitrogen), heated at 70°C for 5 min, and separated on a 4 to 12%
Bis-Tris polyacrylamide gel (Invitrogen). Proteins were transferred to Hi-Bond
ECL nitrocellulose membrane (Amersham Biosciences), and the membrane was
blocked with 5% (wt/vol) skim milk (Diploma) in Tris-buffered saline with 0.05%
Tween (PBS-T) or 5% (wt/vol) BSA (Sigma) in TBS-Tween (TBS-T). Primary
antibodies were incubated at 4°C with membrane overnight in blocking solution
as described above. After primary incubation, the membrane was washed in
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TBS-T and then incubated with secondary antibodies conjugated to either Cy5
(Amersham Biosciences) or Alexa Fluor 647 or Alexa Fluor 488 (Molecular
Probes) in TBS-T at room temperature for 2 h. The membrane was washed twice
in TBS-T and then in TBS, and the proteins were visualized on the Storm
Fluorescent scanner (Amersham Biosciences) on either a 635-nm or a 430-nm
emission channel.

Immunofluorescence. The cells were fixed and permeabilized on coverslips
with acetone-methanol (1:1) at �20°C for 5 min. The cells were washed twice in
PBS and then incubated in primary antibodies diluted in 1% BSA-PBS at room
temperature for 60 min. Cells were then washed twice in 0.1% BSA-PBS for 5
min, followed by incubation with secondary antibodies conjugated to either
Alexa Fluor 488 or Alexa Fluor 594 (Molecular Probes) in 1% BSA-DMEM at
room temperature for 45 min. Cells were washed in PBS then mounted on
coverslides using Ultramount mounting media (Fronine). Immunofluorescent
staining was visualized on a Leica confocal microscope and pictures assembled by
using Adobe Photoshop.

RNA extraction, qPCR, and Xbp-1 splicing assays. RNA was extracted from
plasmid-transfected or WNVKUN-infected cells with TRIzol reagent (Invitrogen)
as indicated by the manufacturer. Total RNA was then treated with RQ1 DNase
(Promega) at 37°C for 30 min to remove any contaminating DNA. cDNA was
synthesized with Superscript III reverse transcriptase (Invitrogen) with gene-
specific reverse primers (see Table S1 in the supplemental material) at 50°C for
50 min. After heat inactivation at 65°C, reverse transcription (RT) reactions were
diluted to 10-fold in diethyl pyrocarbonate-treated deionized water. cDNA levels
were quantified by using quantitative PCR (qPCR) with Sybr GreenER (Invitro-
gen) on an ICycler PCR cycling machine (Bio-Rad). Primers were designed to
internal control ribosomal protein 13A (RPL13A), UPR genes Xbp-1, EDEM-1,
ATF4, and GADD34, as well as the WNVKUN genome (see Table S2 in the
supplemental material). Fold induction of each gene was calculated by compar-
ing threshold cycle values (CT) to the internal control RPL13A. Splicing of the
Xbp-1 mRNA was studied by using RT-PCR across the splice site, followed by
PstI (Promega) digestion. Briefly, RNA was treated with DNase as indicated
above and then amplified with Xbp-1 primers using a Superscript III Platinum
Taq One-Step PCR kit (Invitrogen) under the following conditions: 1 cycle of
50°C for 50 min and 94°C for 2 min; followed by 40 cycles of 94°C for 30 s, 50°C
for 30 s, and 72°C for 1 min; followed by a final extension of 72°C for 10 min.
Amplicons were directly digested with PstI at 37°C overnight, separated on a 2%
agarose gel containing 50 ng of ethidium bromide/ml, and visualized by UV light.

RESULTS

WNVKUN replication induces UPR signaling. Many viruses
have been observed to upregulate UPR signaling during rep-
lication and in particular manipulate downstream signaling to
benefit virus replication. To investigate the extent of UPR
signaling during WNVKUN replication, RNA and protein sam-
ples of infected cells were collected at different time points
postinfection and analyzed for transcriptional and translation
upregulation of UPR components by qPCR or Western blot-
ting. As can be observed in Fig. 1A, the mRNA levels of Xbp-1,
EDEM-1, and ATF4 were elevated in the WNVKUN-infected
cells. The observed increase in UPR gene mRNA appeared to
correlate with the increase in WNVKUN genomic RNA, ob-
served at the end of the latent period (ca. 12 to 15 hpi).
Accordingly, an increase in BiP protein levels was also ob-
served (Fig. 1C). Xbp-1 mRNA splicing is used to assess acti-
vation of the IRE-1-mediated UPR response (58), and we
observed an increase in Xbp-1 splicing from 12 hpi (Fig. 1B)
that agreed with the increase in EDEM-1 mRNA expression
observed in Fig. 1A. Interestingly, Xbp-1 mRNA expression
was also significantly upregulated, up to 10-fold during repli-
cation, while both EDEM-1 and ATF4 transcription only in-
creased 3-fold. This indicated a partial activation of all three
UPR sensors, with particular emphasis on ATF6 activation, as
shown by both BiP and Xbp-1 upregulation. Given the high
levels of spliced (activated) Xbp-1 transcript, it would be ex-
pected that downstream transcriptional targets would be up-
regulated accordingly. However, EDEM-1 transcription was
only modestly upregulated, suggesting that downstream UPR
signaling mediated via IRE-1 activation is possibly manipu-

FIG. 1. WNVKUN induces UPR signaling. Vero C1008 cells were infected with WNVKUN at an MOI of 3, and samples collected at 0, 6, 12, 18,
24, and 36 hpi. (A) RNA extracted from infected cells was quantified for upregulation of UPR genes Xbp-1, EDEM-1, ATF4, and GADD34 by
using qPCR, and the fold induction was calculated compared to mock cells at the same time point. Error bars indicate �1 standard deviations from
replicate assays of two independent experiments. (B) RNA samples from above were also analyzed for spliced Xbp-1 mRNA by using RT-PCR
and endonuclease digestion as previously described (58). (C) Protein samples from the time course were analyzed by Western blotting for the
synthesis of BiP compared to the infection control NS5 and the internal control actin.
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lated by WNVKUN replication. A similar level of manipulation
was also observed via PERK-mediated activation, whereupon
although ATF4 transcription was modestly upregulated, down-
stream transcription of GADD34 was not significantly induced
(Fig. 1A).

To investigate PERK-mediated signaling during WNVKUN

replication further, we also analyzed the activation of eIF2�,
which is phosphorylated by PERK on Ser51 (p-eIF2�) follow-
ing BiP dissociation. Consistent with the qPCR data, p-eIF2�
did not increase significantly throughout infection, as is shown
by the quantitative ratio of p-eIF2� to total eIF2� (Fig. 2A). A
slight increase in p-eIF2� was observed late in replication (36
hpi), although this could be attributed to higher levels of total
protein.

Overall, downstream PERK signaling was not strongly in-
duced throughout WNVKUN replication, and is suggested to be
dispensable for efficient replication. To further assess this hy-
pothesis, PERK�/� MEFs were infected with WNVKUN and
analyzed for protein and virion production. Interestingly, rep-
lication was slightly enhanced in PERK�/� cells with up to
10-fold more infectious particles produced (Fig. 2B) and sig-
nificantly higher viral protein levels (Fig. 2C) at 24 and 48 hpi.
This suggests that overall UPR signaling is biased toward Xbp-
1/ATF6 activation, with only minimal PERK signaling, during
WNVKUN replication.

Overstimulation of the UPR limits virus replication. To
further elucidate the effect of UPR signaling on WNVKUN

replication, we induced the activation of this pathway using
drugs that rapidly activate UPR signaling. Thapsigargin is a
SERCA-pump inhibitor that causes the efflux of calcium from
the ER, thus inhibiting calcium-dependent chaperones and
increasing protein misfolding. Tunicamycin inhibits N-linked

glycosylation within the ER, also inducing the UPR by increas-
ing the accumulation of misfolded proteins in the lumen. Pre-
vious studies with human cytomegalovirus (HCMV) have
shown that thapsigargin and tunicamycin treatment during rep-
lication severely retarded viral gene expression and infectious
virion release (17). Given that UPR signaling was strongly
induced during WNVKUN replication, infected cells were
treated with thapsigargin or tunicamycin at various time points,
and replication levels were assessed for viral RNA, protein,
and infectious virions at 24 hpi. Treatment of uninfected cells
with the drugs alone induced strong UPR signaling by 6 h, with
transcriptional upregulation of Xbp-1, EDEM-1, and ATF4;
Xbp-1 mRNA splicing; and increased translation of BiP by
12 h of treatment (see Fig. S1A to C in the supplemental
material). Interestingly, chemical induction of the UPR after
the latent period (i.e., 20 hpi) did not significantly alter virus
replication, other than a slight upregulation of RNA produc-
tion. However, UPR induction early during the infection cycle
(i.e., 6 hpi) had a strong limiting effect on WNVKUN RNA,
protein, and virus production (Fig. 3A to C), as well as dis-
rupting colocalization of viral proteins with dsRNA (Fig. 3D).
Interestingly, at 12 hpi chemical induction of the UPR had an
intermediate effect on replication, moderately affecting RNA
and protein levels. These observations suggest that induction
of the UPR can regulate WNVKUN replication, if activated
before the latent period when downstream effectors are able to
limit virus replication. It is also interesting that thapsigargin in
general had a stronger effect on virus replication than tunica-
mycin, perhaps also suggesting a role for ER calcium stores in
virus replication.

WNVKUN NS proteins differentially regulate UPR signaling.
The manipulation of UPR signaling by virus replication has

FIG. 2. WNVKUN does not induce or require PERK-mediated signaling for replication. (A) Vero C1008 cells were infected with WNVKUN at
an MOI of 3, and protein samples collected at 0, 6, 12, 18, 24, and 36 hpi. Cell lysates were analyzed by Western blotting for p-eIF2� (Ser 51),
total eIF2�, NS5, and the internal control tubulin. The ratio of p-eIF2� to eIF2� was quantified by using Bio-Rad Quantity One software.
(B) PERK�/� and PERK�/� MEFs were infected with WNVKUN at an MOI of 3 for 24 and 48 h, and supernatant and protein samples were
collected. (C) Plaque assays were used to analyze the release of infectious virus, and Western blotting for NS5 was used to detect viral protein
synthesis. Error bars indicate �1 standard deviations for replicate assays of two independent experiments.
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also been observed with the expression of individual viral pro-
teins. NS4B of HCV was shown to exert similar effects on the
UPR as in during infection with the HCV replicon (59), as did
US11 of HCMV (48). We were interested in investigating
whether any of the WNVKUN NS proteins was able to induce
UPR signaling comparable to that observed during infection.
NS3, NS4A, NS4B, and NS5 were fused to GFP and expressed
in Vero cells (see Fig. S2 in the supplemental material) and
then sorted according to GFP fluorescence to create a pool of
transiently expressing cells. qPCR analyses of RNA collected
from expressing cells showed that GFP alone did not signifi-
cantly induce UPR transcriptional activation (Fig. 4A). How-
ever, expression of GFP-NS4A or NS4B-GFP significantly up-
regulated Xbp-1 transcription, whereas NS3-GFP expression
induced EDEM-1 transcription. ATF4 transcription was mod-
estly upregulated in all samples, perhaps suggesting a nonspe-
cific response to the transfection procedure. RT-PCR studies
also showed that all of the GFP fusion proteins induced some

degree of Xbp-1 splicing, including the GFP control itself;
however, only cells expressing GFP-NS4A or NS4B-GFP
showed a complete absence of unspliced Xbp-1 (Fig. 4B). This
is significant since several studies have shown that unspliced
Xbp-1 is a potent inhibitor of UPR signaling and may act as
negative feedback following IRE-1 activation (57). Interest-
ingly, however, the production of spliced Xbp-1 in these cells
did not result in EDEM-1 transcription as would be expected.
We observed that EDEM-1 mRNA levels remained relatively
low in all samples, suggesting that the modest EDEM-1 up-
regulation during WNVKUN replication may be due to the
combined effects of all viral proteins, whereas the Xbp-1 acti-
vation could be attributed to the expression of GFP-NS4A
alone.

Expression of viral proteins has also been shown to regulate
the type I IFN signaling and Jak-STAT pathways (16, 27, 29).
In particular, the small hydrophobic proteins of WNV and
DENV have been demonstrated to prevent STAT protein

FIG. 3. Synthetic UPR activation during WNVKUN infection inhibits replication. Vero C1008 cells were infected with WNVKUN at an MOI of
3 and then treated with 300 nM tunicamycin, thapsigargin, or the drug vehicle (DMSO) at 6, 12, or 20 hpi. At 24 hpi, viral supernatants, protein,
and RNA samples were collected, as well as fixed for immunofluorescence, and analyzed for viral replication. (A and B) Virus titers were
determined by plaque assays (A), and RNA samples were analyzed for viral RNA expression by qPCR (compared to internal control RPL13A)
(B). (C) Cell protein lysates were analyzed for viral protein expression and BiP upregulation by Western blotting, compared to the internal control
actin. (D) Cells were fixed using acetone-methanol and labeled for NS3 (in red) and dsRNA (in green) to study formation of replication complexes
after treatment. Error bars indicate �1 standard deviations of two independent experiments. Statistical analysis was performed by using the
Student t test.
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phosphorylation and nuclear trafficking (29, 40, 41). Since
NS4A and NS4B also upregulated Xbp-1 signaling (Fig. 4A
and B) and UPR signaling has been demonstrated to inhibit
IFN responses (28), we hypothesized that these proteins elicit
their effect on IFN signaling via UPR activation. The expres-
sion of GFP-NS4A resulted in a dramatic decrease in the
percentage of cells that showed STAT1 nuclear trafficking (Fig.
4C) compared to GFP and NS3-GFP expression, which corre-
lated with their ability to activate UPR signaling. Interestingly,
NS4B-GFP and NS5-GFP also showed some inhibitory effects
on STAT1 activation. The ability of NS4B and NS5 to prevent
IFN signaling been previously reported (2, 25, 29, 40), al-
though the mechanisms of action appear to vary with the dif-
ferent proteins and viruses. We also confirmed that UPR ac-
tivation could inhibit IFN signaling in Vero cells (which are
deficient in IFN-� and thus only respond to exogenously sup-
plied IFN) by treating them with increasing amounts of tuni-
camycin and assessing STAT1 nuclear trafficking (Fig. 4D) and
phosphorylation (Fig. 4E). This showed a dose-dependent ef-
fect of tunicamycin on IFN signaling, with concentrations
above 1 �M showing strong inhibition of STAT1 phosphory-
lation and nuclear trafficking. Interestingly, STAT1 expression
was unaffected, suggesting an alteration of phosphorylation,
and not general translational inhibition is inhibiting down-
stream signaling.

Hydrophobic domains of viral proteins mediate UPR acti-
vation and IFN inhibition. We have shown that the hydropho-
bic NS proteins (NS4A and NS4B) of WNVKUN are important
in inducing and manipulating the UPR and in the inhibition of
IFN signaling (29, 40). Given that we and others have shown
that UPR activation can inhibit IFN signaling (28, 39), we
suggest that the hydrophobic nature of these proteins induce
the UPR and thus inhibit IFN signaling during replication. To
investigate this further, we created mutants of GFP-NS4A (a
highly hydrophobic NS protein with four transmembrane [TM]
domains) (38), sequentially removing each from the C termi-
nus of NS4A (Fig. 5A). These constructs were based on similar
truncations used to determine the correct membrane topology
of the DENV NS4A protein (38). These were expressed in
Vero C1008 cells (see Fig. S3 in the supplemental material)
and analyzed for UPR activation and IFN inhibition. Figure 5B
shows that a progressive reduction in the hydrophobicity of
NS4A actually restores IFN signaling (as measured by STAT1
nuclear localization), almost to the background effect of GFP
expression alone. Consistent with our hypothesis, the sequen-
tial TM deletions of GFP-NS4A also resulted in reduced UPR
signaling. Expression of GFP-NS4A and GFP-NS4A(�2K)
strongly induced Xbp-1 splicing (Fig. 5D) as well as Xbp-1
transcription (Fig. 5C). Sequential removal of the hydrophobic
regions of NS4A then showed a stepwise decrease in Xbp-1

FIG. 4. WNV NS proteins differentially regulate UPR and IFN signaling. Vero C1008 cells were transfected with GFP fusion constructs of NS3,
NS4A, NS4B, and NS5 and expressed for 18 h. The cells were then sorted according to GFP expression, and a pool of GFP-positive cells was
collected. A total of 5 � 104 cells were lysed, and extracted RNA was analyzed for the upregulation of UPR genes Xbp-1, EDEM-1, and ATF4
(A) and the presence of spliced Xbp-1 mRNA (B). Error bars indicate �1 standard deviations of replicate assays of two independent experiments.
(C) Cells were also transfected with the above constructs, stimulated with 1,000 U of IFN-� (Roche)/ml at 24 h posttransfection (hpt) for 30 min,
and then fixed and labeled with STAT1 and DAPI (4�,6�-diamidino-2-phenylindole) to detect nuclear trafficking. Approximately 100 expressing
cells per sample were scored on nuclear or cytoplasmic localization. Error bars indicate �1 standard deviations from two independent experiments.
Vero C1008 cells were treated with different concentrations of tunicamycin for 12 h at 37°C and then stimulated with 1,000 U of IFN-� (Roferon;
Roche)/ml for 30 min at the specified tunicamycin concentration. The cells were then fixed for immunofluorescence or lysed for Western blot
analysis. (D) Fixed cells were labeled with a STAT1 antibody, and the nuclear stain DAPI to detect nuclear localization. Approximately 100 cells
per concentration were quantified for nuclear localization. Error bars indicate �1 standard deviations from two independent experiments. (E) Cell
lysates were probed for phospho-STAT1 and STAT1 to detect STAT1 phosphorylation and compared to the internal control actin.
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mRNA levels and splicing. Accordingly, cells expressing the
cytoplasmic N terminus of NS4A (NS4A TM0) exhibited
similar levels of Xbp-1 activation as GFP expression alone.
Transcript levels of EDEM-1 remained low in all samples,
while ATF4 transcription was only slightly upregulated, sim-
ilar to NS4A/NS4B expression. Overall, expression of GFP-
NS4A(�2K) resulted in similar levels of Xbp-1 activation
and IFN inhibition as full-length GFP-NS4A. This corre-
lates with earlier studies which suggest that NS4A(�2K) is
the major species of NS4A present during infection (due to
a cleavage site upstream of the C-terminal hydrophobic
domain) and thus suggests a particular role for this protein
during replication, in addition to its role in remodeling
cellular membranes (38, 43). The remaining mutants (TM2,
TM1, and TM0) show a progressive restoration or activation
of IFN and UPR signaling, respectively, showing that the
decrease in hydrophobicity, not a specific domain of NS4A,
is responsible for the manipulation of these two pathways.

DISCUSSION

Viral manipulation of UPR signaling has been well docu-
mented in the literature. Nonbeneficial downstream effects,
such as inhibition of translation initiation, apoptosis induction,
and ER-associated degradation are proposed to be regulated
to allow increased replication during HCMV and HCV infec-
tion (18, 46, 47). We show here that WNVKUN mediates a
similar effect, skewing the UPR toward Xbp-1 transcription
and mRNA splicing and chaperone production while only
modestly inducing ATF4 and EDEM-1 transcription and
PERK-mediated eIF2� phosphorylation. We also observed an
increase in WNVKUN replication in PERK�/� MEFs, suggest-
ing that while signaling through PERK is controlled during
replication, it may also have a limiting effect early in replica-
tion. Studies with vesicular stomatitis virus have also shown
increased replication in PERK�/� MEFs (3), which was attrib-
uted to the prevention of translation inhibition and induction

FIG. 5. Deletion of TM regions from NS4A results in decreased regulation of UPR and IFN signaling. (A) TM deletion mutants of NS4A were
created (based upon TM predictions by Miller et al. [38]) with GFP at the N terminus. Vero C1008 cells were transfected with full-length NS4A
and the TM mutants (as well as a GFP control). (B) At 24 hpt, the cells were fixed and labeled with STAT1 and the nuclear stain DAPI to detect
nuclear localization in expressing cells. Approximately 100 cells for each fusion protein were scored for STAT localization as either complete
nuclear, partial nuclear, or cytoplasmic localization, and percentage nuclear trafficking calculated. Error bars indicate �1 standard deviations from
duplicate experiments. (C) At 18 hpt, cells were collected in MACS buffer and sorted by using FACS to create a pool of expressing cells, and then
5 � 104 cells were lysed for RNA extraction and qPCR analyses. RNA was analyzed for the upregulation of Xbp-1, EDEM-1, and ATF4 compared
to the internal control RPL13A. Error bars indicate �1 standard deviations from duplicate experiments. (D) RNA samples were also analyzed for
splicing of the Xbp-1 mRNA.
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of apoptosis. Our results conflict with earlier UPR studies with
the pathogenic WNVNY99 strain, which showed that all three
arms, in particular PERK and downstream apoptotic media-
tors, were activated during replication (37). We believe these
differences may be due to different strains utilized (i.e., patho-
genic [NY99] versus attenuated [KUNV]), cell types (neuronal
versus epithelial), and time points used in the respective
studies.

In the present study we observed that UPR manipulation
was most prominent at 18 to 24 hpi, when viral protein and
RNA synthesis is greatest. This is a paradoxical observation;
the increasing levels of viral proteins are activating the UPR as
the viral polyprotein is translated and processed in the ER
membrane; however, the same proteins are in turn modulating
downstream signaling to regulate PERK but activate Xbp-1-
associated signaling. This correlates with data from Yoshida et
al. (54), who showed that the ATF6 (and hence Xbp-1 and BiP
expression) arm is upregulated earlier in the UPR, to attempt
to fold misfolded proteins before committing to ER-associated
degradation (via IRE-1 signaling) (54). This shift between
ATF6 and IRE-1 activation is also observed in WNVKUN-
infected cells with Xbp-1 transcription significantly upregu-
lated before EDEM-1 or GADD34. However, later in infec-
tion, the virus is then able to exert its own effect on the pathway
and regulate any further signaling through to ER-associated
degradation.

The strong upregulation of Xbp-1 transcription and splicing
in WNVKUN-infected cells suggests a particular role for Xbp-1
in replication. Recent independent studies by Sriburi et al. (45)
and Shaffer et al. (44) have demonstrated that the active tran-
scription factor Xbp-1 can induce both phospholipid biosyn-
thesis enzymes and proliferation of cellular membranes, re-
spectively (44, 45). This would be highly beneficial for
WNVKUN replication since the ER is a source of membranes
for formation of viral membrane structures such as convoluted
membranes and vesicle packets (32, 35). The spliced form of
Xbp-1 is also able to upregulate both chaperone molecules and
enzymes involved in ER-associated degradation. However, the
degradative effectors downstream of Xbp-1 were not signifi-
cantly upregulated in infected cells, suggesting that WNVKUN

replication manipulates Xbp-1 to upregulate membrane pro-
liferation but prevent ER-associated degradation signaling. In-
terestingly, Yu et al. (58) showed that reducing Xbp-1 expres-
sion in JEV and DENV-infected cells did not greatly affect
virus release but did make cells more susceptible to virus-
induced cytopathic effects (58). It could be implied that Xbp-
1-associated signaling may protect cells from ER stress-in-
duced apoptosis and thus is upregulated in WNVKUN-infected
cells to allow further replication.

Although we demonstrated that the differential regulation of
the UPR by WNVKUN may benefit replication, the exact mech-
anism(s) remained unknown. To further study this, the UPR
was overstimulated by ER stress drugs thapsigargin and tuni-
camycin during infection, reasoning that the overall effect on
replication may be determined. Interestingly, general UPR
signaling elicited by these drugs was only inhibitory at early
stages of replication (6 to 12 hpi). This was interesting for a
number of reasons. (1). The detrimental aspects described
earlier (translational inhibition and ERAD) had a stronger
inhibitory effect than the positive contributions of the more

beneficial components (chaperone production and membrane
biosynthesis) of UPR signaling. This could not be directly
contributed to the inhibition of translation because RNA rep-
lication and association of replicative components were also
affected. In fact, colocalization of replication components (pre-
sumably with virus-induced membranes) was completely ab-
lated in cells treated before induction of peak replication. (2).
The levels of protein and RNA synthesis were examined to
determine whether synthetic UPR induction was able to affect
virus replication. Therefore, at later stages of replication (12 to
24 hpi) when protein and RNA levels peaked, the addition of
thapsigargin or tunicamycin to infected cells had little or no
effect. Indeed, treatment at 20 hpi resulted in marginally
higher genomic RNA and virion production. One explanation
for this is that by 18 hpi, viral proteins (such as NS4A) are
expressed at high enough levels to modulate UPR signaling as
described earlier. Also, by this time viral membrane structures
have formed and most likely protect viral replication compo-
nents from external interference. Overall, these experiments
suggest that UPR signaling can have a limiting effect on WNV
replication, but only in the early stages of replication when the
level of viral components is not enough to exert significant
effects on downstream effectors.

Many viral proteins are able to individually regulate UPR
signaling in the absence of virus replication. A good example of
this is NS4B of HCV; expression of this hydrophobic protein
causes splicing of Xbp-1 but not downstream transcription of
EDEM-1 (59), similar to the modulation observed in HCV-
and WNVKUN-infected cells. Expression of GFP-fusion WNV
proteins in cells also initiated differential effects on UPR sig-
naling. Unexpectedly, GFP alone elicited a modest response,
suggesting that transfection and ectopic expression of a foreign
protein can induce some cellular stress responses. However,
expression of GFP-NS4A and to a lesser extent NS4B-GFP
significantly upregulated Xbp-1 transcription and splicing to a
greater extent than the GFP control. Similar to UPR signaling
observed during infection, neither EDEM-1 nor ATF4 were
strongly upregulated, suggesting that the hydrophobic proteins
of WNVKUN are responsible for the manipulation of UPR
signaling observed during infection. The parallels observed
between HCV and WNVKUN are remarkable, for not only are
NS4B and NS4A (of HCV and WNVKUN, respectively) mainly
responsible for UPR signaling in infected cells, but they can
also induce membrane proliferation and recruitment for virus
replication (11, 43). This supports the theory that viral control
of the UPR can aid in the production of membrane-associated
replication complexes and that these membranes can in part be
induced by Xbp-1 signaling, which has links to membrane
proliferation. However, we cannot discount that a portion of
the expressed proteins may be misfolded and promote induc-
tion of the UPR, although we have observed a selective acti-
vation of the ER sensors rather than a global induction of the
UPR with the individual proteins, suggesting that each is af-
fecting the system differently rather a general cellular re-
sponse.

There are many reports of cross talk between UPR signaling
and other stress pathways, in particular with the downstream
effectors of PERK, such as amino acid depletion (via GCN2),
dsRNA detection (via PKR), and oxidative stress pathways.
Interestingly, studies have also shown an association of the
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antiviral response (via type I IFN) with UPR signaling, where
induction of the UPR can lead to hyperphosphorylation and
ubiquitin-mediated degradation of the IFNARs (28). This
prompted the investigation of this interaction during virus rep-
lication, as we and others have shown that similar WNVKUN

NS proteins are able to regulate both the IFN and UPR sig-
naling pathways. We showed that the highly hydrophobic
NS4A and NS4B can manipulate the UPR, skewing the re-
sponse toward Xbp-1 signaling. Correspondingly, these pro-
teins, together with NS2B (also hydrophobic), are also strong
inhibitors of the late IFN signaling pathway (29). We hypoth-
esized that the hydrophobic domains of these proteins are able
to manipulate the UPR, which in turn then inhibits IFN sig-
naling, as modeled in Fig. 6. Expression of NS4A mutants with
sequential hydrophobic deletions confirmed this hypothesis,
since we showed that decreasing the hydrophobicity of viral
proteins caused a concomitant decrease in UPR (Xbp-1) sig-
naling and restoration of Jak-STAT signaling. The exact mech-
anisms via which these hydrophobic regions exert their effects
are not yet understood. Given that these proteins are also
associated with ER membranes, a direct interaction between
viral hydrophobic proteins and the UPR sensors (also mem-
brane bound) could be proposed, allowing direct control over
UPR signaling and perhaps downstream targets.

We also showed a progressive restoration of IFN signaling
and decrease in Xbp-1 signaling, rather than a sudden change
in signaling, as each transmembrane domain was removed.
This negates the possibility that a single domain in NS4A (or
other viral hydrophobic proteins) is responsible for the manip-
ulation of these two signaling pathways, suggesting instead that
the general hydrophobic nature of viral proteins is sufficient.

Since membrane proteins also have a higher tendency to ag-
gregate and/or misfold in the ER, a broad mechanism of ma-
nipulation could be proposed (as depicted in Fig. 6), via which
overexpression of any hydrophobic protein may induce a par-
tial UPR, thus allowing manipulation of other pathways by a
myriad of viral proteins. This hypothesis has not yet been
explored in current literature; however, there are examples of
hydrophobic proteins inhibiting STAT phosphorylation and
nuclear translocation. The herpes simplex virus type 1 imme-
diate-early protein ICP27 has been shown to inhibit STAT
phosphorylation both during infection and when expressed
individually (19). This protein also has a hydrophobic C ter-
minus (20) which may be inducing UPR signaling. In addition,
Marburg virus VP40 is a hydrophobic, peripheral membrane
protein (23) that has also been demonstrated to inhibit STAT1
and Jak1 phosphorylation (49). Interestingly, our data also
showed that NS5 (a cytoplasmic protein) is also able to mod-
estly inhibit IFN signaling but does not elicit significant UPR
signaling, suggesting an alternative mechanism by which the
antiviral response may be regulated (5). It would be beneficial
to virus replication to have numerous regulatory mechanisms
of overlapping pathways, thus ensuring control over host cell
components during replication.

The exact mechanisms by which WNVKUN can manipulate
different aspects of UPR are still to be determined. Given the
differential effects of the individual nonstructural proteins on
separate pathways, a direct interaction of these proteins (in
particular NS4A) with downstream components could be
hypothesized. In general, however, it can be shown that
WNVKUN and possibly other viruses not only induce UPR
signaling as a consequence of viral protein expression and
processing but also utilize this stress response as a means of
controlling a myriad of other cellular pathways, such as mem-
brane biosynthesis, apoptosis signaling, and host immune re-
sponses.
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